Performing a comprehensive nonbiased proteome analysis is an extraordinary challenge due to sample complexity and wide dynamic range, especially in eukaryotic tissues. Thus, prefractionation steps conducted prior to mass spectrometric analysis are critically important to reduce complex biological matrices and allow in-depth analysis. Here we demonstrated the use of OFFGel prefractionation to identify more low abundant and hydrophobic proteins than in a nonfractionated sample. Moreover, OFFGel prefractionation of a kidney protein sample was able to unveil protein functional relevance by detecting PTMs, especially when prefractionation was augmented with a targeted enrichment strategy such as TiO 2 phospho-enrichment. The OFFGel-TiO 2 combination used in this study was comparable to other global phosphoproteomics approaches (SCX-TiO 2 , ERLIC-TiO 2 , or HILIC-TiO 2 ). The detailed mouse kidney proteome with the phosphopeptide enrichment presented here serves as a useful platform for a better understanding of how the renal protein modification machinery works and, ultimately, will contribute to our understanding of pathological processes as well as normal physiological renal functions.
INTRODUCTION
Protein post-translational modifications (PTMs) control the activity and function of proteins, which in turn regulate a diverse set of biological processes and cell signaling mechanisms. 1, 2 Modern analytical tools such as mass spectrometry have made the detection of these chemical modifications possible through the accurate measurement of protein mass increases or loss and have allowed large scale, comprehensive PTM screening in order to gain deeper insight in the study of cell biology, as well as disease treatment and prevention.
So far, there are more than 300 known protein modifications, 3 most notably phosphorylation, glycosylation, ubiquitination, methylation, and acetylation. These modifications covalently bind in a transient manner to a small fraction of proteins, estimated to be less than 1% of total cellular proteins. 3−5 Therefore, detection of the presence of modified peptides in a substoichiometric ratio requires a high-resolution, sensitive, and accurate mass spectrometer. 3 In many cases, peptide mass measurements are insufficient to determine the peptide modification. However, when these modified peptides are fragmented in a tandem mass spectrometer, detection of mass increments of representing modified amino acids is possible. 3, 6 PTMs participate in diverse cellular processes and signaling pathways in the kidney. 7−12 Recent studies showed potential protein modification in the slit diaphragm, podocyte activities, ganglioside, and focal adhesion of the foot processes. 8−11, 13 These findings highlight the pivotal role of modified proteins not only in glomerular ultrafiltration function but also in the renal homeostatic regulatory process.
In order to obtain a comprehensive view of the mouse kidney proteome as well as possible modifications that might exist in the sample, the complex protein lysate from mouse kidneys was prefractionated based on isoelectric focusing using the 3100 OFFGel fractionator and subjected to analysis using 3 different ultra-high throughput liquid chromatography tandem mass spectrometers (LC−MS/MS). The OFFGel-based proteome data set generated in this study provides a deep, unbiased, normal kidney proteome analysis, encompassing PTMs (including phosphopeptides), that is valuable for a better understanding of protein-associated renal physiological processes.
MATERIAL AND METHODS

Animals
Male 8-week old C57BL/6J mice were used in this study, which was approved by the animal committee at Niigata University School of Medicine.
Preparation of Kidney Protein Lysate
The renal capsule was removed, and the right kidney was quickly rinsed with cold PBS supplied with protease and phosphatase inhibitor cocktail (Roche, Mannheim, Germany) to remove blood and inhibit protease activity. Protein extracts were obtained by placing dissected kidney tissues in the protein OFFGel prefractionation buffer supplied by the manufacturer [containing urea, thiourea, DTT, glycerol, and buffer with ampholytes pH (3−10)]. Complete ultra proteoases and phoSTOP (Roche) were added to the buffer. A Precellys 24 tissue homogenizer was used for protein extraction by adding 2.8 ceramic beads (zirconium oxide) to tubes and homogenizing at 6500 rpm at 4°C for 20 s. (Precellys, Bertin Technologies).
OFFGel Prefractionation of Kidney Protein Lysate
Isoelectric point-based OFFGel prefractionation for protein extracts was carried out in 3 technical replicates as specified by the manufacturer. Briefly, 2 mg of renal protein extracts were used for OFFGel prefractionation using 3100 OFFGel fractionator (Agilent Technologies, Japan). 14 Proteins were separated using IPG strips (pH 3−10, 13 cm, Agilent Technologies, Japan) focused for 20 kV h with a maximum current of 50 μA and maximum voltage set to 4500 V. Samples were shifted to hold step at a voltage (500 V), and current of 20 μA was sustained for 40 h. During the focusing, oil was added to the electrodes to prevent evaporation. After successful fractionation, 12 liquid fractions were recovered, and only the first 3 sequential wells were pooled (low protein yield) prior to in-solution digestion or filter-aided sample preparation (FASP). 15 
In-Solution Trypsin Digestion
Recovered fractionated proteins were precipitated with acetone and assayed using the BCA method (Pierce, Rockford, IL). Acetone-precipitated proteins (∼50 μg) were denatured in 8 M urea, 500 mM Tris-HCl, pH 8.5, with protease and phosphatase inhibitor cocktails (Roche, Mannheim) followed by reduction with 5 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 min to confirm fully reduced protein sample before digestion. Cysteine residues were alkylated with 10 mM iodoacetamide for 20 min in the dark. To maintain trypsin activity, samples were diluted to a final concentration of 2 M urea in 100 mM Tris-HCl, pH 8.5, prior to digestion with trypsin. For endopeptidase digestion, modified trypsin (Promega, Madison, WI) was added at 50:1 (protein:protease mass ratio) along with 1 mM CaCl 2 and incubated overnight in a thermo-shaker at 600 rpm at 37°C. Digested peptide solution was acidified using 90% formic acid to a final pH of 3 and enriched using a stage tip. 16 
Filter-Aided Sample Preparation (FASP)
Aliquots of fractionated proteins corresponding to 200 μg were suspended in 8 M urea, 0.5 M Tris-HCl, pH 8.5, 5 mM TCEP, protease and phosphatase inhibitors, incubated for 30 min and spun in Vivacon 500 device (Sartorius Stedim biotech) supplied with a hydrosart nitrate filter membrane with a molecular weight cutoff (MWCO) value of 10 KDa (FASP reactor) at 14000g (4°C ). Subsequently, the reduced protein sample on the FASP reactor was alkylated by addition of 2.2 μL of 0.5 M iodoacetamide in the dark. After brief centrifugation, the concentrate was diluted twice with 100 μL of 2 M urea in 0.1 M Tris-HCl, pH 8.0, and washed again. The resulting protein concentrate on the FASP reactor was subjected to on-membrane endoprotease digestion by addition of Lys-C (protein:protease mass ratio, 25:1). The device was incubated in a wet chamber overnight. The use of Lys-C prior to trypsin digestion compensates for the trypsin inefficiency at lysine sites and improves digestion by eliminating the majority of missed cleavage. Trypsin solution was added at a ratio (75:1, protein:protease mass ratio) with 100 mM CaCl 2 and incubated for an additional 6 h. Recovery of peptides was achieved by centrifugation of the reactor in a new collection tube at 14000g for 30 min followed by washing the reactor with 0.1 M Tris-HCl, pH 8.0. Proteolytic activity was inhibited by acidifying the peptide mixture to pH 3 using 90% formic acid. 15
Phosphopeptide Enrichment and Cleanup
Peptide fractions purified from the OFFGel-FASP sample were enriched using titanium dioxide (TiO 2 ) phosphopeptide enrichment and Clean-up Kit (Pierce) following the manufacturer protocol with some modifications. 17 Briefly, spin tips were conditioned with 30 μL of buffer A then B. Peptide fractions were resuspended in 120 μL of buffer B, applied to the column, and centrifuged at 1000g for 10 min (repeated twice to ensure maximum binding). Following phosphopeptide binding, the column was washed with 30 μL of buffer A then buffer B and centrifuged at 3000g for 5 min. For the elution step, 75 μL of elution buffers A and B were each used to recover the phosphopeptides at 1000g for 5 min. Eluted fractions were acidified with ∼70 μL of 2.5% (v/v) TFA to a final pH 3.0. Finally, desalting and cleanup of the recovered phophopeptides was done using stage tip before MS analysis. 18
Nano-LC−MS/MS analysis
Analysis of purified peptides was performed using 3 different mass spectrometers (Agilent 6320 ion trap XCT, Thermo Q-Exactive and LTQ Orbitrap Velos). Chromatographic separation was performed using a binary gradient with mobile phase either methanol or acetonitrile 16 prior to introduction into the mass spectrometer where dynamic exclusion settings used were as follows: repeat count, 1; repeat duration, 30 s; exclusion list size, 450; and exclusion duration 60 s. All raw data (Thermo.RAW or Agilent.D) are available in the Peptide Atlas repository at ftp:// PASS00311:YJ9542ry@ftp.peptideatlas.org/. Further LC−mass settings can be found in Table (1) .
Data Analysis
Protein and peptide identifications were made using the Agilent Spectrum Mill workbench (for Agilent data, http:// spectrummill.edu/, version 03.03.084), or the Integrated Proteomics Pipeline, IP2 (for Thermo data, http:// integratedproteomics.com/, version 1.01). Peak lists were generated from raw data using Spectrum Mill (Agilent) or RawExtract (version 1.9.9). 19 Tandem mass spectra were searched against updated UniProtKB/TrEMBL (101.614 protein sequence) and IPI (119.961 protein sequence) mouse database concatenated with reversed sequences. The spectral search space included all fully and half tryptic peptide candidates within a 50 ppm window, surrounding the peptide candidate precursor mass. Carbamidomethylation (+57.02146) of cysteine was considered a static modification, and 4 PTMs were selected as variable modification: phosphorylation at S, T, and Y (+79.966), acetylation at K (+42.0106), ubiquitination at K (+114.04), or oxidation at M (+15.995). Peptide candidates were filtered to 0.1% FDR and protein candidates to 1% FDR using DTASelect19. Chromatographic peak areas and protein physicochemical properties were calculated using IP2. Phosphomotifs were analyzed by the De Novo Motif Finder of the PHOSIDA Mus musculus database using a minimum score of 15 and a minimum proportion of matching sites of 5%. 20 GO annotation was illustrated using GOrilla; 21 further GO settings can be found in Supplement 2b of the Supporting Information.
Two Dimensional Electrophoresis and Immunoblotting
Two dimensional gel electrophoresis was conducted on 7 cm polyacrylamide gel with settings described earlier, with some modifications. 8, 22, 23 Briefly, a protein sample was separated on 12.5% SDS−PAGE gel, transferred onto a PVDF membrane, and incubated with 1:2000 diluted monoclonal antiphosphotyrosine antibody P-Tyr-100 (Cell Signaling, Danvers, MA) overnight at 4°C , followed by the mouse IgG secondary antibody (dilution 1:1000). Immunoreactive proteins were visualized by an enhanced chemiluminescence detection system (ECL Plus, GE Healthcare, Chalfont, St. Giles, U.K.).
Statistical Analysis
Statistical analysis was performed using the two-sided student t test. P < 0.05 was considered a statistically significant threshold. Normalized spectral abundance factor, protein, peptide expression alteration (fold changes), log values, and confidence were calculated based on spectral peak intensities generated from the mass spectrometric analysis after extracting confident protein spectra with P < 0.01. Graph pad prism 5 and Microsoft spreadsheet formulas were used in statistical evaluation.
RESULTS AND DISCUSSION
A major challenge in proteomics is the identification of low abundant proteins in highly complex samples with a wide dynamic range. The ubiquitous presence of tryptic peptides generated from abundant proteins results in oversampling of these peptides at the expense of less abundant ones. Here, we have shown that using OFFGel prefractionation of kidney proteins simplifies the complexity of protein mixtures, which improves the identification of low abundant proteins. OFFGel prefractionation was also compatible with other enrichment strategies to detect PTMs within a sample.
OFFGel Prefractionation Provides a Practical Approach for Reducing Sample Complexity in Tissues
In the current study, we tested the efficiency of reducing sample complexity using OFFGel prefractionation of intact proteins derived from tissues, and its impact on proteome and PTMs identification with or without further enrichment of PTMs. The experimental platform is shown in Figure 1 . Protein extract from whole mouse kidney tissue showed high similarity to our standard normal human kidney lysate ( Figure 2A ) when extracted using a urea-based buffer and fractionated by SDS-PAGE, demonstrating efficient protein extraction. The protein lysate was fractionated in a multiwell device by an isoelectric point (pI) and recovered in solution for subsequent analysis. As illustrated in Figure 2B , the 12 recovered fractions showed different separation patterns when visualized on a silver-stained gel. Such observation denotes efficient fractionation and successful reduction in sample complexity based on the orthogonal properties of isoelectric point and molecular weight. Recently, OFFGel-based prefractionation has been used with label-free platforms, 24−26 isobaric labeling, 27, 28 lab-on-chip, 29 and two-dimensional (2D) gel electrophoresis 30 due to the ease of recovery of the fractionated mixture. Whether it is preferable to fractionate at the protein or peptide level is still an important question, especially for tissue samples. fractionation) and protein clean up and recovery (after fractionation). Using a modified BCA method, protein recovery was shown to be approximately 81% of the starting material and a total of 1.62 mg of protein was retrieved from all fractions, with the lowest concentration in the first 3 compartments as measured by a dot blot analysis ( Figure 2C ). Protein loss can occur during acetone precipitation, 31 which is necessary to remove ampholytes and other impurities in the fractionated sample. Separating proteins based on the isoelectric point demonstrated the feasibility of this technique to improve the spatial resolution of the sample for subsequent mass spectrometry and PTM identification (Figure 3) . Protein migration exhibited a slight deviation from predicted positions, particularly in the 6−9 pI range, with more accurate localization at the lower and higher pI values. This behavior could be explained by modifications or proteolytic processing of proteins, which alter their predicted pI. Most proteins fall into the pI range on either side of neutrality. An additional explanation is that protein complexes may be insufficiently denatured, causing the protein members of the complex to appear at unexpected pI's.
OFFGel Prefractionation Enables Construction of the Comprehensive Core Mouse Proteome Database
We searched the OFFGel prefractionated sample using different software platform environments to obtain the maximum number of confident protein identifications of the mouse kidney proteome. As shown in Figure 4 , searching against IPI or UniprotKB/TrEMBL Mus musculus databases resulted in a higher number of protein and peptide identifications in fractions 4−9 than in peripheral compartments (1−3 and 10−12). This finding was seen with data acquisition using the Q-Exactive and Velos Orbitrap but not the Agilent Q-TOF. HCD fragmentation using a Q-Exactive mass spectrometer produced a higher number of confident identifications for both sets of peptides compared with CID fragmentation (Figure 4 , panels A−D). After merging replicates (showed 87% overlapping) and removing redundancy, the final mouse kidney proteome data set contained 3124 proteins (FDR < 1%), corresponding to 52 × 10 3 peptides (Figures 4, panels E and F) . The final list of proteins can be found in Supplement 1 of the Supporting Information. The overlap between the proteins identified by three different mass spectrometry platforms provides added confidence to the proteome. As illustrated in Figure 5A , all protein hits, but not peptides, identified by the Agilent Q-TOF were also detected by both the Q-Exactive and Velos Orbitrap. The Q-Exactive analysis identified the same proteins as the Velos Orbitrap, except for 23 proteins representing 0.6% of the final mouse kidney proteome. The utility of the OFFGel prefractionation technique was obvious when we analyzed the same sample before and after fractionation using the same LC−Mass Spec method environment (p1 vs p2). Figure 5 (panels B and C) clearly concluded that prefractionation improved uncovering of 1105 additional 
Characteristics of Mouse Kidney Proteome
Evaluation of the merged mouse kidney proteome showed proteins identified with peptides representing a sequence coverage ranging from 0.2 to 95.2% ( Figure 6A ). Moreover, assuming that spectral count correlates with peptide abundance, 32, 33 our results ( Figure 6B ) revealed the existence of very low abundance proteins {3 (log 10 ) fold magnitude lower than abundant proteins [<10 4 fold of original spectral count detected]}. These results illustrate the broad dynamic range of proteins that we were able to identify. We performed a Kyte− Dolittle analysis of proteins identified to confirm that our proteome analysis contains both hydrophilic and hydrophobic proteins. As shown in Figure 6C , the OFFGel prefractionated sample showed 74.3% globular (hydrophilic) proteins and 26.7% membranous (hydrophobic) proteins. In contrast, hydrophobic proteins were significantly lower (p < 0.05) in the nonfractionated sample (19.8%), as shown in Figure 6D . In order to give a complete biological overview, gene ontology (GO) annotation for the mouse proteome (biological processes, molecular function and cellular localization) was determined using GOrilla 21 (Supplements 2a and 2b of the Supporting Information).
PTMs Uncovered by OFFGel Prefractionation
To demonstrate the feasibility of OFFGel prefractionation in detecting possible PTMs, we compared the proteomes of the same sample processed by different protocols [shown in Figure  1: P1 (nonfractionated, nonenriched sample) , P2 (fractionated, nonenriched), P3 (fractionated, with phospho-enrichment), and P4 (nonfractionated, with phospho-enrichment)]. As illustrated in Figure 7A , modifications were identified in 404 out of 2019 proteins, when they were directly analyzed without the prefractionation process (Figure 7: A1) , while 940 modified proteins were identified when the same sample was prefractionated (Figure 7: A2) . We postulate that prefractionation allowed the identification of modified peptides from low-abundant proteins because it reduced the background of proteotypic peptides generated from highly abundant proteins. Modified peptides also rose from 3.125 to 10.541, when the sample was prefractionated ( Figure 7D and Supplement 3 of the Supporting Information). Figure 7 (panels B and E) reveal a 2.3 fold increase in ubiquitinated peptides after prefractionation (compared to the nonfractionated sample). Similarly, peptides acetylated at Lysine rose modestly but significantly, (P < 0.05) 1.2 fold. This low identification could be explained by the fact that acetylated amines do not readily undergo derivatization in solution. Methionine oxidation was elevated by 1.4 fold, but it is unclear if this increase was due to biological consequences of oxidative stress or to the processing steps during fractionation. Fractionated sample without phospho-enrichment showed a slight but statistically insignificant increase in phosphorylated proteins (577 proteins) compared with the nonfractionated sample (433 proteins) (data not shown). Immunoblotting (Figure 9 ) shows that phosphopeptides are not lost because of sample handling or adsorption to plastic. Instead, the smaller than expected increase in phosphorylated protein identification could be attributed to the cleavage of the phosphoester bonds and neutral loss of H 3 PO 4 in the mass spectrometer, which often inhibits peptide fragmentation and increases the difficulties of matching peptide sequences to the MS/MS spectra, even in fractionated sample mixtures. 3 Interestingly, OFFGel prefractionation with phosphopeptides enrichment showed a dramatic increase (p < 0.01) in phosphopeptide identification ( Figure  7G ). Here we report the identification of 5525 peptides phosphorylated at serine, threonine, or tyrosine compared with 324 in a nonfractionated, nonenriched protein sample and 3129 phosphopeptides in nonfractionated, enriched sample ( Figures  7G) . This improvement might be due to lowering complexity, which led to better binding (at the enrichment step and/or) at the MS analysis level. Previous studies have shown that fractionation of phosphopeptides using SCX or ERLIC followed by IMAC or TiO 2 purification could enrich more than 6000 phosphopeptides. 34, 35 On the other hand, phosphomotif enrichment analysis between nonfractionated-enriched and OFFGel-TiO 2 -enriched samples showed similar probability (∼0.72), while it revealed significant differences for both pS and pT motifs (Figure 7 , panels H and I), most likely due to different phosphopeptide identifications between both samples. Our results show that the combination of OFFGel prefractionation with an enrichment strategy is a powerful method for the identification of protein modifications, but further investigations are required to test whether this method can be used for different PTMs.
PTMs Involve in Pivotal Renal Proteins
In our study, several modified proteins were shown to be involved in regulating the activities of some crucial renal functions. As illustrated in Figure 8 , phosphorylated proteins spectrin, ATP synthase, and cubilin revealed modification at S, Y, and T residues, respectively. Spectrin is a component of the nephrin multiprotein complex that regulates plasma membrane integrity and the cytoskeletal structure ( Figure 8A ), 36 while ATP synthase is an important enzyme that provides energy for the cell through ATP synthesis (Figure 8B ), 37 and cubulin acts as a receptor for intrinsic factor-vitamin B12 complexes located within the kidney epithelia and renal proximal tubule ( Figure  8C ). 38 These proteins were shown to be physiologically active when phosphorylated. 36−38 Peptides acetylated and ubiquitinated on lysine were detected in fructose-1,6-biphosphatase ( Figure 8D ) and voltage-dependent anion-selective protein1 ( Figure 8E ), respectively. Recent reports showed the importance of acetylation on the functional activity of fructose-1,6biphosphatase 39, 40 and ubiquitination on protein 1 stability and degradation. 3, 12 Methionine oxidation of the propionyl-CoA carboxylase enzyme has been examined in this study ( Figure 8F ). This enzyme plays an important role in the metabolic pathway by catalyzing the carboxylation reaction of propionyl CoA in the renal mitochondrial matrix. Oxidation of methionine has been shown in some proteins to lead to a significant change in their biological activity 41, 42 and development of some disorders. 43 However, further investigation is required to clarify the biological significance of this modification. Finally, the existence of modified phosphoproteins has been visualized in a fractionated sample (Figure 9 ). Western blotting using antiphosphotyrosine antibody P-Tyr-100 was performed on a 7 cm polyacrylamide gel, which revealed the presence of 224 protein-representing spots (P < 0.05).
CONCLUDING REMARKS
Our study presents a proteomic pipeline for extensive characterization of the mouse kidney proteome. The data reported here shows that an OFFGel prefractionation system greatly enhanced the identification of low-abundant and hydrophobic proteins. We also demonstrated the feasibility of OFFGel prefractionation to unveil protein functional relevance by detecting PTMs, especially when the prefractionation was coupled with targeted enrichment such as phospho-enrichment. The OFFGel-TiO 2 platform showed, for the first time, its capability to improve phosphopeptide identification. Finally, detailed mouse kidney proteome with phosphopeptide enrichment presented here serves as a useful model for better understanding how protein modifications work and will ultimately contribute to our understanding of disease etiology and normal physiological functions of the kidney. 
